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vi^Kinetics  of  recombinant  fluoride-2  variant  of  human 
tyrylcholinesterase  (Gly3S0  Val)  secreted  by  Chinese 
‘  s  mster  ovary  cells  were  compared  to  recombinant 
ual  and  to  usual  butyrylcholinesterase  purified  from 
iman  plasma.  The  usual  and  fluoride-2  variant  were 
distinguishable  with  regard  to  hydrolysis  of  ben- 
ylcholine  (Km  —  5  pM),  neutral  esters,  and  at  high 
ncentrations  of  acetylthiocholine,  propionylthiocho- 
le,  and  butyrylthiocholine.  However,  at  low  sub¬ 
rate  concentrations  K„  values  for  acetylthiocholine 
id  succinyldithiocholine  were  2— 6- fold  higher  for  the 
uoride-2  variant.  pH  rate  profiles  revealed  small  dif- 
■rences  in  pKa  that  could  be  attributed  to  changes  in 
te  active  site  histidine  environment.  On  the  other 
and,  Arrhenius  plot  analysis  of  o-nitrophenylbutyrate 
ydrolysis  at  pH  7.5  showed  no  difference  in  activation 
nergy  between  fluoride-2  and  usual  butyrylcholines- 
irases.  Both  exhibited  an  anomalous  temperature  de¬ 
pendence  with  a  wavelike  change  in  activation  energy 
around  18  °C.  Affinity  of  the  fluoride-2  variant  for 
sodium  fluoride,  tacrine,  dibucaine,  amodiaquin,  and 
succinyldicholine  was  lower  than  for  usual  enzyme. 
Apparent  Kt  for  succinyldicholine  was  125  pM  for  the 
fluoride-2  variant  and  20  pM  for  the  usual  enzyme. 
Organophosphate  inhibition  showed  equivalent  reac¬ 
tivity,  indicating  that  the  point  mutation  altered  only 
the  binding  properties  of  the  variant.  Thus,  K„  and  Kt 
changes  explain  the  succinyldicholine  sensitivity  of 
people  carrying  the  fluoride-2  variant. 


The  synthesis  of  human  butyrylcholine  esterase  (EC 
3.1. 1.8)  is  directed  by  a  single  gene,  named  BCHE1  (1-3). 


*  This  work  was  supported  by  grants  from  the  United  States  Army 
Medical  Research  and  Development  Command  DAMD17-91-Z-1003 
(to  O.  L),  La  Direction  des  Recherches,  Etudes  et  Techniques  DRET 
91/1044  J  (to  P.  M),  American  Cancer  Society  Grants  SIG-16A  and 
IRG-165E,  and  National  Cancer  Institute  Grant  P30  CA  36727  (to 
The  Eppley  Institute).  The  costs  of  publication  of  this  article  were 
defrayed  in  part  by  the  payment  of  page  charges.  This  article  must 
therefore  be  hereby  marked  '* advertisement ”  in  accordance  with  18 
U.S.C.  Section  1734  solely  to  indicate  this  fact. 

**  To  whom  correspondence  should  be  addressed:  Eppley  Institute, 
University  of  Nebraska  Medical  Center,  600  S.  42nd  St.,  Omaha,  NE 
68198-6805.  Tel:  402-559-6032;  Fax:  402-559-4651. 

1  The  abbreviations  used  are:  BCHE,  butyrylcholinesterase  gene; 
AChE,  acetylcholinesterase  enzyme;  BuChE,  butyrylcholinesterase 
enzyme;  CHO,  Chinese  hamster  ovary  cells;  FF,  homozygous  fluoride- 
2  butyrylcholinesterase  enzyme;  iao-OMPA,  tetraisopropylpyrophos- 
pboramide;  UU,  homozygous  usual  butyrylcholinesterase  enzyme;  3- 
D,  three-dimensional. 


Butyrylcholinesterase  (BuChE)  is  present  in  almost  all  tis¬ 
sues,  with  the  exception  of  lymphocytes  and  placenta.  It  is 
secreted  into  plasma  by  liver  cells.  Unlike  its  sister  enzyme, 
AChE,  no  physiological  function  has  yet  been  assigned  to 
BuChE,  but  the  plasma  enzyme  is  of  pharmacological  impor¬ 
tance  because  it  hydrolyzes  ester-containing  drugs  (4).  The 
BCHE  gene  is  known  to  include  at  least  10  genetic  variants 
(5).  Some  of  the  rare  alleles  encode  variants  that  are  unable 
to  hydrolyze  the  muscle  relaxant  succinyldicholine  in  a  short 
time  (4,  6).  People  carrying  these  variants  experience  an 
exaggerated  response  to  succinyldicholine.  Two  of  these  var¬ 
iants  are  phenotyped  by  resistance  to  inhibition  by  50  pM 
NaF  (7).  The  fluoride-1  variant  results  from  a  point  mutation 
at  nucleotide  728  that  changes  threonine  243  to  methionine. 
The  fluoride-2  variant  has  a  point  mutation  at  nucleotide 
1169  which  changes  glycine  390  to  valine  (8).  Fluoride-2  is 
more  frequent  than  fluoride-1  (8).  The  incidence  of  the  homo¬ 
zygous  fluoride  phenotype  in  Caucasians  is  approximately  1 
out  of  150,000  (6).  The  scarcity  of  the  homozygous  fluoride 
variant  has  made  it  difficult  to  study  this  variant,  and  almost 
nothing  is  known  about  the  effects  of  the  mutation  on  the 
properties  of  the  enzyme. 

To  understand  the  effect  of  the  Gly190  to  Val  point  mutation 
on  the  activity  of  BuChE,  we  expressed  the  fluoride-2  BCHE 
gene  and  the  wild-type  (usual)  BCHE  gene  in  CHO  cells.  The 
present  work  compares  the  kinetic  properties  of  recombinant 
fluoride-2  BuChE  with  recombinant  usual  BuChE  and  with 
purified  usual  plasma  BuChE. 

MATERIALS  AND  METHODS 

Purified  Human  Plasma  BuChE— Human  plasma  BuChE  was 
purified  to  90%  purity  in  two  steps  (4).  The  enzyme  was  assayed 
according  to  Kalow  and  Lindsay  (9)  in  0.067  m  Na/K  phosphate 
buffer,  pH  7.4,  at  25  *C  with  50  pM  benzoylcholine  chloride  (Sigma) 
as  the  substrate.  Benzoylcholine  hydrolysis  was  followed  by  monitor¬ 
ing  decrease  in  absorbance  at  240  nm  (At  =  6700  M"1  cm"1).  The 
specific  activity  of  the  preparation  was  180  units/mg  protein  (1  unit 
=  1  nmol  of  benzoylcholine  hydrolyzed/min).  The  enzyme  had  the 
“usual"  phenotype. 

CHO  Cell  Line  Secreting  Fluoride-2  Variant  of  Human  Butyryl¬ 
cholinesterase—  Human  cDNA  encoding  a  28-amino-acid  signal  pep¬ 
tide  and  574  amino  acids  of  the  mature  BuChE  enzyme  was  cloned 
into  the  pD5  expression  vector  where  expression  is  controlled  by  the 
adenovirus  major  late  promoter  (10).  This  cDNA  had  a  substitution 
which  changed  Gly5*  (GGT)  to  Val  (GTT),  the  mutation  responsible 
for  the  fluoride-2  variant  (8).  The  mutation  was  present  in  cDNA 
isolated  from  a  human  brain  library  (11)  and  therefore  shows  that 
the  donor  was  a  carrier  of  the  fluoride- 2  mutation  BCHE*390V.  A 
stable  cell  line  expressing  human  BuChE  was  created  by  cotransfect¬ 
ing  pD5-BCHE  and  pD5 -dihydrofolate  reductase  into  CHO  cells 
doubly  deficient  for  dihydrofolate  reductase.  The  deficient  CHO  cells, 
DG44,  were  kindly  provided  by  L.  A.  Cbasin  (12).  The  BCHE  and 
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dihydrofolate  reductase  genes  became  amplified  approximately  100- 
fold  in  response  to  increasing  doses  of  methotrexate.  The  stable  cell 
line  was  maintained  under  selective  pressure  by  growing  cells  in 
minimum  essential  medium-a,  with  L-glutamine,  without  ribonucle- 
osides  and  deoxyribonucleosides  (GIBCO  Catalog  No.  320-2561AJ) 
containing  10%  dialyzed  fetal  calf  serum.  BuChE  was  collected  into 
serum-free  medium,  CHO-S-FM  (GIBCO  320-2050AJ)  because  it  has 
only  0.4%  of  the  bovine  AChE  present  in  fetal  calf  serum.  The 
benzoylcholine  activity  of  secreted  rBuChE  fluoride-2  variant  was 
0.04  units/ml. 

CHO  Cell  Line  Secreting  Usual  Human  Butyrykholinesterase— The 
cDNA  sequence  of  human  BCHE  was  modified  by  site-directed  mu¬ 
tagenesis  to  give  the  optimal  start  site  context  as  identified  by  Kozak 
(13).  The  optimal  start  site  sequence  is  GCCACCATGG  where  ATG 
is  the  translation  initiation  codon.  Two  Bgl II  restriction  sites  were 
introduced  at  the  5'  and  3'  ends  of  the  coding  sequence  to  have  the 
shortest  possible  cDNA  free  of  extraneous  sequences  that  might 
interfere  with  translation  efficiency.  The  BamHI  site  at  Gly225  was 
removed.  After  site-directed  mutagenesis,  the  BCHE  gene  was  com¬ 
pletely  resequenced  to  ensure  the  absence  of  unwanted  mutations. 
The  1.8-kilobase  BCHE  gene  was  cloned  into  plasmid  pRcCMV 
(Invitrogen)  where  expression  is  controlled  by  the  cytomegalovirus 
promoter.  Ten  *ig  pRcCMV-BCHE  was  transfected  into  CHO  DG44 
cells  by  calcium  phosphate  coprecipitation.  Cells  resistant  to  0.8  mg/ 
ml  geneticin  (GIBCO  860-181 1 II)  were  selected  over  a  3-week  period. 
Clonal  cell  lines  were  created  by  diluting  resistant  cells  into  96-well 
plates  at  less  than  1  cell/well.  Cells  secreting  the  highest  level  of 
BuChE  activity,  as  measured  with  benzoylcholine,  were  expanded 
into  T75  flasks.  Cells  were  grown  to  90%  confluence  in  a  T75  flask 
in  the  presence  of  complete  medium  containing  10%  fetal  calf  serum. 
Culture  medium  was  replaced  with  CHO-S-FM  containing  0.8  mg/ 
ml  geneticin  for  the  purpose  of  collecting  BuChE  into  serum-free 
medium.  Cells  were  continuously  cultured  in  CHO-S-FM  for  3 
months.  The  secreted  rBuChE  reached  an  activity  of  0.5  units/ml 
which  is  nearly  the  activity  in  human  plasma. 

Activity  Versus  pH — The  pH  dependence  of  enzyme  activity  (knJ 
was  investigated  at  25  and  41  °C  in  0.067  m  potassium  phosphate 
buffer  in  the  pH  range  5.5  to  8.98.  Various  ratios  of  0.067  m  KII;>P04 
and  0.067  m  K2HPOh  were  mixed  to  get  buffers  that  varied  in  pH  but 
had  the  same  concentration.  Activity  was  measured  with  50  pM 
benzoylcholine,  a  concentration  10  times  the  Km  value  determined  at 
pH  7.4,  25  "C. 

In  parallel,  the  pH  dependence  of  enzyme  inhibition  by  50  NaF 
was  measured  in  the  same  pH  range  in  the  presence  of  50  pM 
benzoylcholine.  The  substrate  and  inhibitor  concentrations  were  cho¬ 
sen  on  the  basis  of  differential  inhibition  of  usual  and  “fluoride- 
resistant”  BuChE  phenotypes:  with  these  concentrations,  the  differ¬ 
ence  between  the  percentage  inhibition  by  sodium  fluoride  of  usual 
and  fluoride  BuChE  is  maximum  (7,  14). 

The  pH  rate  profile  for  k*.  of  BuChE-catalyzed  hydrolysis  of 
benzoylcholine  was  interpreted  according  to  the  simplest  model  which 
assumes  that  H*  acts  as  an  uncompetitive  inhibitor,  i.e.  the  proton- 
ated  form  of  the  enzyme  is  completely  unreactive. 

In  Equation  1,  k,h.  m.,  is  the  maximum  value  of  fe*.  at  high  pH,  and 
Ka  is  the  ionization  constant  of  an  amino  acid  side  chain  whose 
deprotonated  form  takes  part  in  catalysis. 

Apparent  pK„  values  were  computer-calculated  by  nonlinear  regres¬ 
sion  fitting  of  the  experimental  data  to  Equation  1.  We  used  the 
GraFit  (version  1.0)  pH  GFE  curve  fitting  program  (Erithacus  Soft¬ 
ware  Ltd,  United  Kingdom,  1989). 

Kinetics  of  Substrate  Hydrolysis — Kinetic  analyses  were  performed 
in  0.067  m  phosphate  buffer,  pH  7.0,  7.5,  or  8.0  at  25  “C.  Hydrolysis 
of  acetylthiocholine  iodide,  propionylthiocholine  iodide,  butyryl- 
thiochoiine  iodide,  and  succinyldithiocholine  iodide  (Molecular 
Probes  Inc.,  Eugene,  OR)  was  followed  at  420  am  using  the  method 
of  Ellman  et  at.  (15).  Substrate  concentrations  ranged  from  0.006  to 
3  mM.  Hydrolysis  of  benzoylcholine  was  followed  by  recording  the 
decrease  in  absorbance  at  240  nm.  Hydrolysis  of  o-nitrophenylacetate 
and  o-nitrophenylbutyrate  was  followed  by  monitoring  the  rate  of 
appearance  of  o-nitrophenol  at  410  nm  <«  »  3190  M_l  cm'1).  Hydrol¬ 
ysis  of  a-naphthylacetate  and  a-naphthylbutyrate  was  measured  by 
the  method  of  Zapf  and  Coghlan  (16)  by  recording  the  increase  in 
absorbance  at  321  nm  (a-naphthol,  <  —  2220  M~‘  cm'1).  Stock  solu¬ 
tions  of  o-nitrophenylacetate  and  o-nitrophenylbutyrate  were  pre¬ 


pared  in  methanol;  the  methanol  concentration  in  each  reaction 
cuvette  was  maintained  at  5.3%.  Stock  solutions  of  a-naphthylacetate 
and  a-naphthylbutyrate  were  prepared  in  ethanol;  the  ethanol  con¬ 
centration  in  each  reaction  cuvette  was  maintained  at  3.33%. 

Km  and  Determinations—  Kinetic  data  were  plotted  using  the 

Lineweaver-Burk  double- reciprocal  plot.  The  enzymes  had  either 
Michaelian  or  nonMichaelian  behavior  depending  on  the  nature  of 
the  substrate.  For  Michaelian  behavior,  Km  and  V-..  were  determined 
by  nonlinear  regression  of  the  Michaelis-Menten  equation  using  the 
Enzfitter  kinetic  calculation  program  (Biosoft,  Cambridge,  UK).  For 
nonMichaelian  behavior  (curvatures  in  the  Lineweaver-Burk  plots), 
the  apparent  K„  and  V„„  were  estimated  graphically  from  the  linear 
sections  of  the  curves. 

Temperature  Dependence  of  o-Nitrophenylbutyrate  Hydrolysis 
Rate — The  temperature  dependence  of  BuChE-catalyzed  hydrolysis 
of  o-nitrophenyl  butyrate  (0.8  mM  in  0.067  M  phosphate  buffer,  pH 
7.5,  containing  5.3%  methanol)  was  determined  at  various  tempera¬ 
tures  from  10  to  50  ‘C.  The  reaction  rate  (k)  was  measured  at  intervals 
of  1-2  °C.  We  operated  at  nearly  saturating  substrate  concentration, 
at  0.8  mM  which  is  four  times  higher  than  Km.  Observed  reaction 
rates  were  corrected  for  spontaneous  substrate  hydrolysis.  Arrhenius 
plots  were  obtained  by  plotting  In  k  against  1/T,  where  T  is  the 
absolute  temperature.  The  experimental  activation  energies  E  were 
calculated  from  the  slopes  of  the  linear  portions  of  the  plots  by  linear 
regression  analysis. 

Reversible  Inhibition — Inhibition  by  NaF  was  performed  in  0.067 
M  phosphate,  pH  7.0  and  8.0,  at  25  °C  with  benzoylcholine  as  the 
substrate.  Inhibition  by  succinyldicholine  chloride  (Sigma),  tacrine 
(tetrahydroaminoacridine),  dibucaine,  and  amodiaquin  was  carried 
out  in  0.067  M  phosphate.  pH  7.5,  at  25  °C  with  o-nitrophenylacetate 
as  the  substrate  (all  compounds  were  from  Sigma).  Inhibition  by 
amodiaquin  was  also  carried  out  at  pH  7.0  with  butyrylthiocholine 
iodide  as  the  substrate.  Types  of  inhibition  and  apparent  inhibition 
constants  were  determined  from  Lineweaver-Burk  plots  and  Dixon 
plots  (17)  by  plotting  the  reciprocal  of  velocity  [v_1]  against  inhibitor 
concentration  [I].  Inhibition  constants  for  nonlinear  inhibition  were 
calculated  from  replots  of  the  reciprocals  of  slopes  and  intercepts  of 
the  Lineweaver-Burk  plots  against  the  reciprocal  of  inhibitor  concen¬ 
tration  (17). 

Progressive  Inhibition— Progressive  inhibition  by  eserine  (0.5,  1, 
10  pM)  was  conducted  in  0.1  M  phosphate,  pH  7.0,  at  25  °C.  Residual 
activity  was  measured  in  0.067  M  phosphate,  pH  7.5,  with  o-nitro¬ 
phenylacetate  (0.8  mM)  as  substrate.  Progressive  inhibition  by  te- 
traisopropylpyrophosphoramide  (iso-OMPA)  was  either  performed  as 
above  or  after  1  h  of  incubation  of  BuChE  in  0.1  M  phosphate,  pH 
7.0,  containing  5  mM  EDTA  as  an  inhibitor  of  metal  proteases  and 
organophosphate  hydrolase.  The  iso-OMPA  concentrations  ranged 
from  10  to  200  pM.  Residual  activity  was  measured  by  Ellman’s 
method  (15)  with  butyrylthiocholine  iodide  (1  mM)  as  substrate. 

Inhibition  by  eserine  or  iso-OMPA  (I)  results  in  carbamylation  or 
phosphorylation  of  the  enzyme  active  site  serine  ( E )  according  to 
Scheme  I: 

^2  ^3 

E  +  I  s=*  E-I  — ►  EV  — ►  E 
H20 

Scheme  I 

where  K,  =  k.Jk,  is  the  dissociation  constant  of  the  enzyme-inhibitor 
complex  and  fe2  the  rate  constant  of  carbamylation  or  phosphoryla¬ 
tion.  The  rate  constant  of  hydrolysis,  kx  is  very  slow.  Assuming  that 
the  enzyme  is  irreversibly  inhibited  under  the  conditions  of  the 
experiments,  the  activity  (e,/e„)  decreases  with  time  (t)  as  follows. 


where  k,  is  the  apparent  inhibition  rate  constant. 

Since  f  I]  »  and  assuming  that  the  rapid  equilibrium  condition, 
«  k-u  holds  (18),  the  apparent  rate  of  inactivation  can  be  written 
as: 

k  =  — ^TT  (Eq.  3) 


The  value  of  the  inactivation  rate  constant  (k,)  was  determined  for 
each  inhibitor  concentration  by  weighted  exponential  regression  of 
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Equation  2.  Then  k2  and  K,  were  determined  by  weighted  nonlinear 
regression  fitting  of  Equation  3  using  the  Enzfitter  program. 

Molecular  Modeling— Three-dimensional  models  of  wild-type  and 
the  fluoride-2  variant  of  human  BuChE  were  built  from  the  3-D 
coordinates  of  Torpedo  californica  AChE  (19)  by  molecular  replace¬ 
ment  and  energy  minimization  using  the  molecular  modeling  package 
TURBO-FRODO  4.0  (20)  and  the  refinement  program  X-PLOR  3.0 
(21).  Analysis  of  3-D  models  was  carried  out  on  a  Silicon  Graphics 
310GTX  workstation. 

3-D  structures  of  succinyldicholine  (22)  and  dibucaine  (23)  were 
obtained  from  the  Cambridge  Structural  Database  (24,  25).  The  3-D 
structure  of  o-nitrophenylacetate  was  built  from  the  3-D  structure  of 
p-nitrophenylacetate  (26)  which  is  in  the  Cambridge  Structural  Da¬ 
tabase.  Topology  and  energy  parameters  of  these  compounds  were 
computed  from  Cambridge  Structural  Database  data  and  by  using  the 
X-PLOR  “prolsq.pro”  file.  This  file  allowed  optimization  of  substrate 
and  ligand  geometry  in  the  BuChE  active  site.  Structures  of  substrate 
and  ligand  BuChE  complexes  were  refined  using  the  X-PLOR  pro¬ 
gram  after  inspection  of  substrate  and  ligand  noncovalent  bonds  with 
BuChE  and  generation  of  the  BuChE  accessibility  surface.  The 
solvent-accessible  molecular  surface  was  represented  as  a  smooth 
continuous  lattice  of  points  using  Connolly’s  program  MS  (27).  All 
these  refinements  were  carried  out  by  molecular  dynamics  at  300  K 
and  conjugate  gradient  method  with  a  convergence  criterion  of  1 .5 
kcal/mol/A. 


RESULTS 

Kinetics  of  Substrate  Hydrolysis — Hydrolysis  of  neutral  es¬ 
ters  followed  Michaelis-Menten  kinetics,  giving  a  linear  re¬ 
lationship  between  the  reciprocal  of  activity  and  the  reciprocal 
of  ester  concentration  for  both  fluoride-2  and  usual  BuChE. 
Table  I  shows  that  fluoride-2  BuChE  (rFF)  had  a  slightly 
lower  affinity  for  neutral  substrates,  with  Km  at  most  1.5  times 
higher  for  fluoride-2  BuChE  than  for  usual  BuChE. 

Hydrolysis  of  charged  esters  was  more  complex,  with  ben- 
zoylcholine  giving  the  simplest  kinetics.  The  kinetics  of  hy¬ 
drolysis  of  benzoylcholine  were  Michaelian,  but  as  previously 
shown,  usual  BuChE  displayed  substrate  inhibition  at  ben¬ 
zoylcholine  concentrations  greater  than  50  pM  when  assayed 
at  pH  7.0  (34,  35).  The  substrate  inhibition  constant  K„  was 
determined  according  to  the  Haldane  equation: 


v  - 


1  +  —  + 
[SI 


[S] 

K„ 


(Eq.  4) 


K„  was  found  to  be  500  pM  at  pH  7.0  and  at  pH  8.0  for  both 
recombinant  usual  and  purified  usual  plasma  BuChE.  No 
substrate  inhibition  was  observed  for  fluoride- 2  BuChE  except 
at  pH  8.0  in  the  presence  of  0.05-2  mM  NaF.  Usual  and 
fluoride-2  BuChE  had  nearly  the  same  affinity  for  benzoyl¬ 
choline,  both  having  Km  values  of  approximately  5  pM  (Table 
II). 


Hydrolysis  of  thiocholine  esters  was  the  most  complex. 
Usual  and  fluoride-2  BuChE  both  deviated  from  the  simple 
Michaelis-Menten  model  when  the  substrates  were  thiocho¬ 
line  esters.  For  example,  Fig.  1  shows  biphasic  kinetics  for  the 
hydrolysis  of  butyrylthiocholine.  It  has  been  known  for  many 
years  (40)  that  these  biphasic  kinetics  reflect  activation  at 
high  substrate  concentration.  A  least  two  mechanistic  models 
can  account  for  this  activation:  the  first  one  assumes  binding 
of  an  additional  substrate  molecule  to  the  acyl-enzyme  inter¬ 
mediate  (41);  the  second  hypothesizes  the  existence  of  a 
peripheral  regulatory  binding  site  for  charged  ligands  or  sub¬ 
strates  (42).  Lineweaver-Burk  plots  allowed  us  to  estimate 
apparent  Km  values  for  high  and  low  substrate  concentrations 
(Table  II).  At  high  substrate  concentration  the  Km2  values  for 
acetylthiocholine,  propionylthiocholine,  butyrylthiocholine, 
and  succinyldithiocholine  were  practically  the  same  for  both 
usual  and  fluoride-2  BuChE.  On  the  other  hand,  at  low 
substrate  concentration,  the  ratio  of  Kml  values  showed  that 
affinity  of  fluoride-2  BuChE  for  acetylthiocholine  and  succi¬ 
nyldithiocholine  esters  was  two  to  three  times  l^wer  (her.  that 
of  usual  BuChE.  A  more  refined  description  of  the  kinetics  of 
acetylthiocholine,  propionylthiocholine,  and  butyrylthiocho¬ 
line  hydrolysis  was  possible  using  the  general  mathematical 
expression  proposed  for  the  two  above-mentioned  models  (42): 


V  = 


V„[S]  +  vv  ^ 

A2 


(Eq.  5) 


where  Vm'  =  aVm  with  a  >  1.  Equation  5  was  used  to  calculate 
Vm,  Vm\  Ku  and  K2  in  Table  III.  A  comparison  of  Kml  and 
KmZ  in  Table  II  with  Kx  and  K2  in  Table  III  shows  that  values 
for  Km  i  are  very  close  to  values  for  Ku  and  values  for  K,  ,2  are 
very  close  to  values  for  Kz.  Thus,  the  graphic  analysis  to 
calculate  Km  1  and  Km2  in  Table  II  yielded  similar  results  as 
the  computer  analysis  to  calculate  Kt  and  K2  in  Table  III.  In 
Table  III  the  K\  and  K2  ratios  decrease  in  parallel  as  the  size 
of  the  acid  moiety  of  the  substrates  increases.  The  conclusion 
from  the  data  in  Tables  II  and  III  is  that  there  are  no  major 
kinetic  differences  between  usual  BuChE  and  fluoride-2 
BuChE.  The  point  mutation  in  the  fluoride-2  variant  does 
not  change  the  mechanism  of  hydrolysis  of  thiocholine  esters. 

The  K„  values  for  succinyldithiocholine  for  usual  and  flu- 
oride-2  BuChE  are  of  special  interest  because  of  the  clinical 
problems  associated  with  use  of  succinyldicholine  in  people 
who  have  the  fluoride-2  variant.  Table  II  shows  that  the  Km  1 
values  for  fluoride-2  BuChE  are  3.5-  and  1.6-fold  higher  than 
for  usual  BuChE  at  pH  7.0  and  8.0,  respectively.  It  is  reason- 


Table  I 


Km  values  for  neutral  substrates  of  purified  BuChE  from  human  plasma  (UU),  recombinant  fluoride-2  BuChE  (rFF),  and  recombinant  usual 

BuChE  (rUU) 


Substrate 

K„ 

Comment 

pH" 

UU 

rFF 

ratio 

rUU 

o-  N  itrophenylacetate 

7.5 

0.48  ±  0.16 

mM 

0.45  ±  0.19 

i 

0.38  ±  0.01 

In  the  presence  of 

o-  N  itropheny  lbutyrate 
a-Naphthylacetate 

7.5 

7.0 

0.125  ±  0.02* 
0.34f 

0.185  ±  0.03 
0.41 

1.5 

1.2 

5.3%  methanol 

In  the  presence  of 

a-Naphthylbutyrate 

7.0 

0.044 

0.068 

1.5 

3.33%  ethanol 

*  0.067  M  phosphate,  25  ’C. 

*  Literature  values  for  Km  for  o-nitrophenylbutyrate:  0.14  mM  in  0.067  M  phosphate,  pH  7.4  (28,  29);  0.19  mM  in  50  idM  phosphate,  pH  7.6 
(30);  0.14  mM  in  50  mM  phosphate,  pH  7.6,  25  "C  (31);  0.33  mM  in  0.1  M  Tris-Cl,  pH  7.4,  25  *C  (33). 

*  Literature  values  for  K„  for  or-naphthylacetate:  0.76  mM  in  50  mM  Tris-Cl,  pH  7.4,  37  "C  (32);  1.0  mM  in  0.1  M  Tris-Cl,  pH  7.4,  25  *C 
(33). 
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Table  II 

Kinetic  parameters  for  positively  charged  substrates  of  purified  BuChE  from  human  plasma  (UU),  recombinant  usual  BuChE  (rUU),  and 

recombinant  fluoride-2  BuChE  (rFF) 


Non-Michaelian  behavior 

Michaelian  behavior  K„  - 

Substrate  pH*  KmU  low  jS)  Km*  high  [S] 


mht 

Benzoylcholine  7  0.00444  0.0069  0.0075 

±0.0007  ±0.0044 

Benzoylcholine  8  0.00416  0.0034  0.0052 

±0.0006  ±0.0012 


Acetylthiocholine 

7 

0.049* 

±0.007 

0.019 

0.091 

±0.047 

0.49 

±0.24 

0.29 

0.49 

±0.23 

Propionylthiocholine 

7 

0.024 

±0.007 

0.022 

0.029 

0.42 

±0.03 

0.22 

0.31 

±0.12 

Butyrylthiocholine 

7 

0.023* 

±0.014 

0.022 

0.027 

±0.004 

0.26* 

±0.001 

0.19 

0.16 

±0.01 

Succinyldithiocholine 

7 

0.0020* 

0.0020 

0.0069 

3.83 

±0.23 

4.65 

4.39 

±0.55 

Succinyldithiocholine 

8 

0.0019* 

0.0020 

0.0033 

2.08 

±0.58 

1.53 

2.13 

±0.51 

°  0.067  M  phosphate,  25  °C. 

b  Literature  values  for  Km  for  benzoylcholine:  0.005  mM  in  0.067  M  phosphate,  pH  7.4,  25  “C  (34);  0.004  mM  in  0.067  m  phosphate,  pH  7.4, 
25  ’C  (4,  35);  0.0034  mM  in  50  mM  phosphate,  pH  7.2,  30  “C  (36). 

c  Literature  values  for  Km  for  acetylthiocholine:  0.043  and  0.29  mM  in  50  mM  Tris-Cl,  pH  7.4,  30  *C  (37). 

*  Literature  values  for  Kn  lot  butyrylthiocholine:  0.055  and  2.0  mM  in  0.1  M  MOPS/KOH,  pH  7.0,  30  °C  (38);  0.018  and  0.24  mM  in  50  mM 
Tris-Cl,  pH  7.4,  30  “C  (37);  0.024  mM  in  50  mM  phosphate,  pH  7.2,  30  °C  (36). 

'  Literature  values  for  K„  for  succinyldithiocholine:  0.0034  mM  in  50  mM  Tris-Cl,  pH  7.4,  30  °C  (37);  0.032  mM  in  50  mM  Tris-Cl,  pH  7.4, 
30  "C  (37,  39). 
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Fig.  1.  Lineweaver-Burk  plot  for  BuChE -catalyzed  hy¬ 
drolysis  of  butyrylthiocholine.  Activity  was  measured  in  0.1  M 
phosphate  buffer,  pH  7.0,  at  25  "C.  Velocity  is  expressed  as  the 
reciprocal  ( V-1)  of  the  change  in  absorbance  at  420  nm/min  recom¬ 
binant  fluoride-2  BuChE,  FF  (A);  purified  usual  plasma  BuChE,  UU 
(O).  At  high  substrate  concentration,  K„  =  0.25  mM  for  both  recom¬ 
binant  FF  and  plasma  UU. 

able  to  propose  that  a  2-3-fold  difference  in  Km  explains  the 
succinyldicholine  sensitivity  of  people  carrying  the  fluoride 
variant. 

pH  Dependence  of  the  Hydrolysis  of  Benzoylcholine — The 
effect  of  pH  upon  enzyme  activity  near  was  investigated 
at  pH  values  ranging  from  5.5  to  8.98  and  at  two  temperatures, 
25  and  41  “C  (Fig.  2).  Experimental  data  were  fitted  to  Equa¬ 
tion  1  for  determination  of  apparent  p K„.  The  observed  p K„ 
values  of  7.26  for  usual  BuChE  and  7.03  for  recombinant 
fluoride-2  BuChE  at  25  *C  are  in  agreement  with  the  known 
p K«  of  the  histidine  ring. 

The  apparent  enthalpy  of  ionization,  AH,  was  calculated 
from  p K,  values  at  25  and  41  °C  using  the  Van’t  Hoff  equation, 
by  assuming  a  linear  temperature  dependence  of  p/C,.  The  AH 
value  for  usual  BuChE  was  27.9  kJ  mol-1,  a  value  consistent 
with  AH  for  ionization  of  histidine,  which  is  known  to  have 
AH  values  of  28-31  kJ  mol-1.  The  AH  value  for  fluoride-2 
BuChE  was  significantly  lower,  15.6  kJ  mol-1,  and  may  reflect 


a  change  in  the  immediate  environment  of  histidine  to  a  more 
hydrophobic  environment,  thus  tending  to  destabilize  the 
imidazole  ring.  The  histidine  measured  by  these  p/C,  and  A H 
values  was  assumed  to  be  the  histidine  in  the  catalytic  triad, 
His438,  by  analogy  with  Torpedo  AChE  (19, 43,  44). 

Temperature  Dependence  of  the  Hydrolysis  of  o-Nitrophen- 
ylbutyrate— The  temperature-dependence  of  BuChE-cata- 
lyzed  hydrolysis  of  o-nitrophenyl  butyrate  at  u  =  approximate 
V'm.i,  measured  at  o-nitrophenylbutyrate  concentration  about 
5-fold  higher  than  Km  is  identical  for  the  usual  enzyme 
(plasma  or  recombinant)  and  fluoride-2  BuChE.  As  shown  in 
Fig.  3,  the  Arrhenius  plot  is  nonlinear  and  exhibits  a  wavelike 
discontinuity  at  18  °C.  In  an  earlier  experiment  with  usual 
BuChE,  a  clear  break  in  the  Arrhenius  plot  was  observed  at 
21  °C  in  the  presence  of  0.5%  methanol  (29).  This  was  as¬ 
cribed  to  a  temperature-induced  conformational  change.  In 
Fig.  3  the  wavelike  break  may  be  interpreted  as  the  coexist¬ 
ence  of  two  active  conformations  in  equilibrium  in  a  narrow 
temperature  interval  around  18  °C.  A  break  at  18  °C  rather 
than  at  21  *C  is  due  to  the  higher  methanol  concentration  of 
5.3%.  The  activation  energy  (Ea)  required  for  substrate  hy¬ 
drolysis  is  different  on  both  sides  of  the  discontinuity  but 
there  is  no  significant  difference  between  the  three  enzymes. 
In  the  temperature  range  10-17  "C,  Ea  is  71.8  ±  9.4  kJ  mol-1; 
between  18  and  38  "C  it  is  44.8  ±  4.5  kJ  mol-1.  Beyond  38  *C 
the  activity  of  the  recombinant  usual  enzyme  drops  rapidly. 
The  heat  sensitivity  of  this  enzyme  is  due  to  proteolytic  nicks. 
The  fact  that  the  three  enzymes  exhibit  the  same  temperature 
dependence  indicates  that  their  posttranslational  modifica¬ 
tions  (glycosylation  and  proteolytic  nicks)  do  not  affect  the 
catalytic  step.  Moreover,  it  appears  that  the  G390V  mutation 
has  no  effect  on  the  activation  step  that  precedes  enzyme 
acylation  by  o-nitrophenyibutyrate. 

Inhibition  by  Sodium  Fluoride — The  effect  of  sodium  fluo¬ 
ride  (50  mM)  upon  the  pH  dependence  of  benzoylcholine 
hydrolysis  was  examined.  NaF  shifted  the  pH  activity  curve 
in  opposite  directions  for  UU  and  rFF  (Fig.  2,  panels  1  and 
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Table  III 


Kinetic  parameters  of  purified  usual  (UU)  plasma  BuChE  and  recombinant  fluoride-2  BuChE  (rFF)  calculated  by  nonlinear  regression  using 

equation  5 


nH* 

UU 

rFF 

K, 

K, 

VJ 

V'. 

Ki 

K , 

V'm 

Ki 

K, 

ratio 

ratio 

mM 

mM 

Acetylthiocholine 

7.0 

19.2 

51.9 

0.033 

0.62 

11.3 

26.8 

0.072 

1.21 

2.2 

1.9 

Propionylthiocholine 

7.0 

34.8 

77.5 

0.024 

0.41 

8.8 

67.3 

0.027 

0.63 

1.1 

1.5 

Butyrylthiocholine 

7.0 

42.9 

213.7 

0.014 

0.21 

13.5 

65.6 

0.011 

0.23 

0.8 

1.1 

*  0.067  m  phosphate,  25  °C. 

6  Velocity  unit  is  AA42onm/niin  x  103. 
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Fig.  2.  pH  rate  profiles  for  A*.  of  BuChE -catalyzed  hydrolysis  of  benzoylcholine  at  25  and  41  aC.  Panel  1,  purified  usual 
plasma  BuChE,  UU,  at  25  "C  (■);  panel  2,  recombinant  fluoride-2  BuChE,  rFF,  at  25  °C  (□);  panel  3,  purified  usual  plasma  BuChE,  UU,  at 
41  *C  (•);  panel  4,  recombinant  fluoride-2  BuChE,  rFF,  at  41  °C  (O).  Solid  lines  are  in  the  absence  of  inhibitor;  dashed  lines  are  in  the 
presence  of  50  NaF.  Kh,  was  measured  with  50  benzoylcholine  in  0.067  M  potassium  phosphate  buffer,  pH  5.5-8.98,  and  is  expressed 
as  change  in  absorbance  at.  240  nm/min.  Apparent  p K,  values  are:  7.26  ±  0.06  for  UU  at  25  °C,  7.05  ±  0.09  for  UU  at  41  *C,  7.03  ±  0.03  for 
rFF  at  25  'C,  6.89  ±  0.11  for  rFF  at  41  *C.  Apparent  enthalpy  of  ionization  values  are:  AH  =  27.9  kj  mol-1  for  usual  BuChE,  AH  =  15.6  kJ 
mol-1  for  recombinant  fluoride-2  BuChE. 


2).  At  25  °C  the  apparent  p Ka  for  UU  shifted  slightly  to  a 
lower  pH  (p Ka  =  7.12  ±  0.10),  whereas  the  apparent  pK,  for 
rFF  shifted  to  a  higher  pH  (p Ka  =  7.24  ±  0.06).  At  41  °C  (Fig. 
2,  panels  3  and  4),  the  apparent  p Ka  for  UU  shifted  slightly 
to  a  lower  pH  (p Ktt  »  6.89  ±  0.11),  whereas  the  apparent  p K„ 
for  rFF  did  not  shift.  Using  acetylcholine,  rather  than  ben¬ 
zoylcholine,  and  5  mM  NaF  rather  than  0.05  mM  NaF,  Heil- 
bronn  (45)  as  well  as  Brestkin  and  Fruentova  (46)  got  results 
for  usual  BuChE  that  were  the  opposite  of  our  results  for  UU 
in  Fig.  2,  panel  1.  Heilbronn  (45)  found  that  in  the  presence 
of  5  mM  NaF  the  pH  activity  curve  was  displaced  toward  a 
higher  pH.  This  indicates  a  substrate-dependent  kinetic  be¬ 
havior  of  BuChE. 

As  shown  in  Fig.  4,  pH  inhibition  profiles  differed  widely 
for  usual  and  fluoride-2  BuChE.  At  25  °C  usual  BuChE  was 


maximally  inhibited  by  sodium  fluoride  at  pH  8.0,  whereas 
fluoride-2  BuChE  was  maximally  inhibited  at  pH  7.5,  a  dif¬ 
ference  of  0.5  pH  units.  At  41  °C  usual  BuChE  was  maximally 
inhibited  at  pH  8.0,  whereas  fluoride-2  BuChE  was  maximally 
inhibited  at  pH  7.0,  a  difference  of  1.0  pH  units.  For  both 
usual  and  fluoride-2  BuChE  percent  inhibition  by  NaF  was 
far  greater  at  25  than  at  41  *C,  confirming  that  inhibition  by 
NaF  is  temperature  sensitive  (6,  7).  At  25  °C  and  pH  7.4,  the 
inhibition  percentage  (fluoride  number)  of  the  fluoride-2  re¬ 
combinant  enzyme  was  identical  to  the  value  (36%)  given  by 
the  fluoride-resistant  homozygote  plasma  enzyme  (6).  The 
inhibition  percentage  (fluoride  number)  of  usual  BuChE  in 
Fig.  3  is  67%,  a  value  similar  to  the  average  value  of  60  for 
usual  plasma  BuChE  (6). 

Dixon  plots  for  the  inhibition  of  benzoylcholine  hydrolysis 
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at  pH  7.0  suggested  that  at  low  benzoylcholine  concentration 
inhibition  of  fluoride-2  BuChE  by  sodium  fluoride  is  uncom¬ 
petitive  with  apparent  Kt  *  0.3  mM  (Fig.  5,  panel  1 ).  However, 
at  25  benzoylcholine  there  was  a  deviation  from  simple 
uncompetitive  inhibition  in  a  fashion  suggestive  of  a  negative 
cooperative  interaction  similar  to  that  seen  by  Page  et  al.  (35) 
for  usual  BuChE.  Page  et  al.  (35)  found  that  the  binding  of 
benzoylcholine  is  enhanced  in  the  presence  of  fluoride  ion 
with  a  cooperativity  factor  of  30.  The  inhibition  mechanism 
of  usual  BuChE  also  appeared  to  be  uncompetitive  (apparent 
K,  »  0.09  mM)  at  low  substrate  concentration  ([S]  <  10  fiM), 
but  the  mechanism  again  changed  at  25  mM  benzoylcholine 
(Fig.  5,  panel  2)  in  a  manner  indicative  of  cooperativity  in  the 
binding  of  fluoride  ion  and  benzoylcholine,  as  expected  for 
usual  BuChE  (35).  Inspection  of  the  25  traces  in  panels  1 
and  2  of  Fig.  5  showed  that  the  rates  up  to  75  gM  NaF  are 
slower  than  would  be  expected  for  a  simple  uncompetitive 


T-'  io3k-’ 

Fig.  3.  Arrhenius  plots  for  BuChE-catalyzed  hydrolysis  of 
o-nitrophenylbutyrate.  Hydrolysis  of  0.8  mM  o-nitrophenylbutyr- 
ate  in  0.067  M  phosphate,  pH  7.5,  containing  5.3%  methanol  was 
measured  at  1  to  2  degree  temperature  intervals.  ■,  purified  usual 
plasma  BuChE;  A,  recombinant  usual  BuChE;  □,  recombinant  fluo- 
ride-2  BuChE.  In  the  temperature  range  10-17  ”C,  activation  energy 
is  71.8  ±  9.4  kj  mol-1;  between  18  and  38  ”C  it  is  44.8  ±  4.5  kJ  mol-1. 


mechanism.  At  NaF  concentrations  higher  than  75  pM  the 
traces  differ,  with  the  rFF  enzyme  showing  a  more  shallow 
slope  than  the  UU  enzyme.  This  behavior  is  consistent  with 
the  switch  point  in  the  cooperative  mechanism  occurring  at  a 
higher  fluoride  concentration  for  the  rFF  enzyme.  A  weaker 
interaction  between  rFF  and  fluoride  ion  is  also  seen  in  the 
uncompetitive  K,  values  of  0.3  mM  for  rFF  and  0.09  mM  for 
UU.  Fig.  5  ( panels  3  and  4)  shows  that  at  pH  8.0,  both  usual 
and  fluoride-2  BuChE  exhibited  substrate  inhibition  in  the 
presence  of  NaF.  At  pH  8.0  inhibition  was  partially  uncom¬ 
petitive  at  low  substrate  concentration,  but  there  was  a  syn¬ 
ergistic  effect  between  benzoylcholine  and  fluoride  ion  at  high 
substrate  concentration  that  amplified  the  inhibition.  Due  to 
the  strong  cooperativity  in  mutual  binding  of  fluoride  ion  and 
benzoylcholine,  Dixon  plots  were  abnormal  and  could  not  lead 
to  K,  estimation;  nevertheless,  they  suggested  that  usual  and 
fluoride-2  BuChE  displayed  a  similar  degree  of  cooperativity. 
Although  inhibition  by  sodium  fluoride  has  been  known  for 
many  years  (45),  its  mechanism  has  not  yet  been  resolved  and 
remains  disconcerting. 

Reversible  Inhibition  by  Positively  Charged  Ligands — Inhi¬ 
bition  of  o-nitrophenylacetate  hydrolysis  by  dibucaine,  tac¬ 
rine,  succinyldicholine,  and  amodiaquin  was  nonlinear  for 
both  usual  and  fluoride-2  BuChE,  i.e.  Dixon  plots  of  IT1  versus 
[I]  were  downwardly  curved,  as  shown  for  dibucaine  in  Fig.  6. 
This  means  that  high  inhibitor  concentrations  did  not  drive 
the  reaction  rate  to  zero.  Apparent  inhibition  constants  at 
low  inhibitor  concentration  were  estimated  from  Dixon  plots 
and  are  given  in  Table  IV.  Fluoride-2  BuChE  was  less  inhib¬ 
ited  by  these  compounds  than  usual  BuChE  by  a  factor  of 
2. 7-6.2  as  shown  by  K,  ratios.  Due  to  the  strong  deviation 
from  linearity  of  these  plots  at  high  {IJ,  neither  the  type  of 
inhibition  nor  actual  K,  could  be  simply  determined.  Partial 
nonlinear  inhibition  indicates  that  both  ES  and  ternary  com¬ 
plexes  ESI  yield  products.  Nonlinear  reversible  inhibition 
mcy  be  depicted  by  the  following  minimum  reaction  scheme 
II. 


Fig.  4.  pH  profile  of  inhibition  by  sodium  fluoride.  Activity  was  measured  with  50  mm  benzoylcholine  in  the  presence  of  50  pM  NaF 
at  25  and  41  'C.  Points  were  obtained  from  the  data  in  Fig.  2.  Purified  usual  plasma  BuChE,  UU  (•);  recombinant  fluoride-2  BuChE,  FF 
(□). 
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Fig.  5.  Dixon  plots  for  inhibition  by  NaF  of  BuChE-catalyzed  hydrolysis  of  benzoylcholine.  Benzoylcholine  concentrations  were 
5  pM  (O,  •),  10  iiM  (A,  A),  25  pM  (□,  ■).  In  panels  1  and  2  the  buffer  was  0.067  M  potassium  phosphate,  pH  7.0,  at  25  "C.  In  panels  3  and  4 
the  buffer  was  0.067  m  potassium  phosphate,  pH  8.0,  at  25  °C.  Recombinant  fluoride-2  BuChE,  rFF,  was  used  in  panels  1  and  3.  Purified 
plasma  usual  BuChE,  UU,  was  used  in  panels  2  and  4.  At  low  benzoylcholine  concentration,  uncompetitive  K,  =  0.3  mM  for  rFF  and 
uncompetitive  K;  =  0.09  mM  for  UU. 
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Scheme  II 

K,  and  K,  are  the  dissociation  constants  of  enzyme-substrate 
and  enzyme-inhibitor  complexes,  respectively.  According  to 
this  scheme,  in  the  absence  of  inhibitor,  Km  and  Vm.„  represent 
apparent  values  of  K,  and  E„.  In  the  presence  of  inhibitor, 
ES  and  ESI  are  productive.  The  general  velocity  equation 
derived  from  rapid  equilibrium  assumptions  (Ref.  17,  p.  179) 
is: 


(Eq.  6) 


When  a>l  and  (K/3<1  the  reciprocal  form  of  this  equation 
gives  a  nonlinear  plot  as  shown  in  Fig.  7.  Inhibition  constants 
and  coefficients  a  and  ft  were  determined  for  dibucaine  from 
secondary  replots  of  1/Aslope  and  1/Aintercept  versus  1/[I], 
where  Aslope  and  Aintercept  are  the  change  in  slope  and  in  y 
intercept  of  the  reciprocal  of  Equation  6,  i.e.  1/v  versus  1/[S] 
plots  at  different  fixed  inhibitor  concentrations.  This  analysis 
showed  nonlinear  mixed  inhibition  of  BuChE  by  dibucaine. 
The  values  of  K,  were  calculated  to  be  0.6  mm  (a  =  5.0,  0  = 
0.5)  for  the  purified  plasma  usual  enzyme,  0.45  pM  (a  —  4.0, 
f 1  =  0.44)  for  the  recombinant  usual  enzyme,  and  12.5  pU  (o 
=  1.6,  d  =  0.7)  for  the  recombinant  fluoride  variant.  Since 
auu>  off,  the  competitive  inhibition  component  is  higher  for 
the  usual  enzyme  than  for  the  fiuoride-2  variant;  inhibition 
of  fluoride-2  BuChE  is  nearly  nonlinear  noncompetitive.  The 
fact  that  the  0  inhibition  coefficients  for  the  two  enzymes  are 
of  the  same  order  of  magnitude  indicates  that  the  ternary 
complexes  ESI  of  both  enzymes  release  product  with  a  similar 
efficiency.  This  suggests  that  mutation  G390V  does  not  affect 
the  covalent  steps  of  enzyme  catalysis.  On  the  other  hand, 
the  actual  affinity  of  the  fluoride  variant  for  dibucaine,  which 
is  21-fold  lower  than  that  of  the  usual  enzyme,  confirms  that 
the  point  mutation  G390V  strongly  altered  the  binding  of 
charged  ligands  to  the  enzyme  active  site  gorge. 
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Fig.  6.  Dixon  plots  for  inhibition  by  dibucaine  of  BuChE- 
catalyzed  hydrolysis  of  o-nitrophenylacetate.  Top,  recombinant 
fluoride-2  BuChE,  rFF;  bottom,  purified  usual  plasma  BuChE,  UU. 
Concentrations  of  o-nitrophenylacetate  were  0.2  mM  (□,  ■),  0.4  mM 
(A,  A),  and  0.6  mM  (O,  •)  in  0.067  M  phosphate,  pH  7.5,  at  25  ”C.  All 
reactions  contained  5.3%  methanol.  Apparent  K,  =  30  nM  for  rFF, 
and  5  »M  for  UU. 

An  interesting  feature  is  that  for  both  enzymes,  the  replots 
of  slope  and  intercept  of  Lineweaver-Burk  plots  versus  [I]  are 
not  hyperbolic  (Fig.  7).  As  expected  for  nonlinear  inhibition, 
replots  are  curved  but  they  do  not  reach  a  plateau  with 
increasing  dibucaine  concentration.  Indeed,  for  both  enzymes, 
beyond  a  given  dibucaine  concentration  (-25  pM  for  UU  and 
~75  pM  for  rFF)  there  is  a  decrease  in  1/V„,„j  indicating  an 
“activating”  effect  of  the  inhibitor  at  high  concentration,  and 
there  is  a  wavelike  inflexion  in  the  slope  indicating  an  alter¬ 
ation  in  the  inhibition  mechanism.  This  unexpected  behavior 
could  be  interpreted  in  terms  of  binding  of  a  second  inhibitor 
molecule  to  a  regulatory  site.  Such  a  regulatory  site  has  not 
been  firmly  demonstrated  for  BuChE.  However,  several  lines 
of  evidence  argue  for  the  existence  of  “peripheral”  binding 
site(s)  on  the  BuChE  surface  whose  occupation  alters  the 
enzyme  catalytic  activity  (42,  51-54). 


Inhibition  of  butyrylthiocholine  hydrolysis  by  amodiaquin 
was  linear  for  both  variants  (Table  IV).  Thus,  with  the  neutral 
ester,  o-nitrophenylacetate,  inhibition  was  nonlinear,  but  with 
the  positively  charged  ester,  butyrylthiocholine,  inhibition  by 
amodiaquin  was  linear.  Substrate-dependent  inhibition  ki¬ 
netic  behavior  has  been  observed  for  horse  serum  BuChE  (41, 
49,  50)  and  for  AChE  (55).  The  present  data,  showing  that 
cationic  ligands  produced  a  partial  nonlinear  inhibition  of 
BuChE-catalyzed  hydrolysis  of  the  neutral  ester  o-nitrophen¬ 
ylacetate,  are  consistent  with  the  mechanistic  models  pro¬ 
posed  for  hydrolysis  of  positively  charged  substrates.  They 
suggest  that  these  ligands  affect  the  enzyme  reaction  scheme 
by  binding  to  vacant  “anionic”  site(s).  Finally,  whatever  the 
intimate  molecular  mechanism  of  this  inhibition,  it  is  note¬ 
worthy  that  usual  and  fluoride-2  BuChE  exhibited  similar 
behavior  and  differed  only  in  affinity  for  the  inhibitors,  with 
fluoride-2  BuChE  consistently  having  weaker  binding. 

Kinetics  of  Progressive  Inhibition — Progressive  inhibition 
of  usual  plasma  BuChE  by  iso-OMPA  at  pH  7.0  followed 
Scheme  I  and  Equations  2  and  3  (Fig.  8).  The  calculated 
inhibition  constants  for  usual  BuChE  were:  If,  =  60  ±  16  pM 
and  k-i  =  0.53  ±  0.06  min'1.  These  values  are  in  accordance 
with  previously  reported  data  (56).  On  the  other  hand,  loss  of 
activity  of  recombinant  fluoride-2  BuChE  (Fig.  9)  did  not 
follow  reaction  Scheme  I.  Instead,  inhibition  could  be  de¬ 
scribed  by  a  two-exponential  decay  model: 

-  =  Aek,,  t  +  (1  -  A)ek,„  t  (Eq.  7) 

eQ 

A  plot  of  ha  against  iso-OMPA  concentration  (Fig.  8,  inset, 
dotted  line )  gave  a  curve  which  was  virtually  superimposable 
on  the  curve  for  usual  plasma  BuChE  (Fig.  8,  inset,  solid  line). 
The  inhibition  constants  for  fluoride-2  BuChE  were  estimated 
to  be  K  =  72  ±  35  pM  and  k2  =  0.51  ±  0.13  min'1.  Thus,  the 
inhibition  constants  by  iso-OMPA  for  usual  and  fluoride-2 
BuChE  are  very  similar. 

As  regards  the  curved  portion  of  Fig.  9,  km  appeared  to  be 
roughly  constant  whatever  the  iso-OMPA  concentration. 
When  plots  of  log  e,/e„  versus  t ,  such  as  the  plot  in  Fig.  9,  are 
curvilinear  rather  than  linear,  the  curve  can  be  interpreted  as 
a  reflection  of  inhibition  of  a  multiple  enzyme  system  (57). 
However,  recombinant  fluoride-2  BuChE  is  mostly  a  tetramer, 
arguing  against  multiple  forms  of  BuChE  being  the  source  of 
catalytic  heterogeneity.  Thus,  the  curved  plot  suggests  the 
presence  in  the  CHO  culture  medium  of  competing  enzymes 
which  consume  iso-OMPA.  These  enzymes  could  be  organo- 
phosphate  hydrolases  and/or  other  targets  of  iso-OMPA  such 
as  serine  enzymes.  Evidence  supporting  the  presence  of  sev¬ 
eral  serine  enzymes  in  the  CHO  cell  culture  medium  was  the 
observation  of  several  (3Hjdiisopropylfluorophosphate-la- 
beled  proteins  on  sodium  dodecyl  sulfate  gels  (data  not 
shown).  Additional  support  for  the  presence  of  competing 
enzymes  came  from  the  observation  in  Fig.  9  ( dashed  line ) 
that  preincubation  of  the  CHO  cell  culture  medium  for  1  h 
with  5  mM  EDTA  significantly  increased  the  inhibitory  power 
of  iso-OMPA.  The  EDTA  might  have  neutralized  an  organo- 
phosphate  hydrolase  or  a  metal  protease.  Another  possible 
explanation  for  the  curvilinear  plot,  i.e.  that  the  rate  of 
reactivation  (fe  in  Scheme  I)  was  increased  in  the  fluoride-2 
variant,  has  not  been  ruled  out. 

Despite  this  uncertainty  over  the  later  portions  of  the  time 
course  in  Fig.  9,  the  results  from  early  time  points  show  that 
reactivity  of  recombinant  fluoride-2  BuChE  with  iso-OMPA 
was  similar  to  reactivity  of  the  usual  plasma  enzyme.  Pro¬ 
gressive  inhibition  by  eserine  confirmed  this  conclusion  (data 
not  shown).  Finally,  these  results  suggested  that  the  reactivity 
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Apparent  inhibition  constants  for  positively  charged  inhibitors  of  purified  usual  plasma  BuChE  (UU)  and  recombinant  fluoride-2  BuChE  (rFF) 


Inhibitor 

Substrate 

pH- 

Kapp 

K.  ratio 

Type  of  inhibition 

CL 

rFF 

Tacrine 

o-NPA* 

7.5 

0.0004' 

0.0014 

3.5 

Nonlinear,  competitive  at 

Dibucaine 

o-NPA 

7.5 

S4 

30 

6 

low  [I] 

Nonlinear,  noncompeti- 

Succinyldicholine 

o-NPA 

7.5 

2(K 

125 

6.25 

tive  at  low  [I] 

Nonlinear;  competitive  at 

Amodiaquin 

o-NPA 

7.5 

25 

80 

3.2 

low  [I] 

Nonlinear,  competitive  at 

Amodiaquin 

BuSCh7 

7.0 

6 

16 

2.66 

low  (I] 

Linear,  competitive 

’  0.067  M  phosphate.  25  ‘C. 

*  o-NPA,  orfho-nitrophenylacetate. 

'  Literature  values  for  tacrine  inhibition:  complex  inhibition  of  acetylcholine  hydrolysis  at  pH  8.0  and  25  °C  with  competitive  (K,  =  0.0015 
«iM)  at  high  substrate  concentration  and  noncompetitive  (K,  =  0.0056  i»M)  at  low  substrate  concentration  (47). 

4  Literature  value  for  dibucaine  inhibition:  K,  =  2.7  mM  in  0.067  M  phosphate,  pH  7.4,  with  50  pM  benzoylcholine  (48). 

'  Literature  value  for  succinyldicholine  inhibition:  K,  =  97.7  in  0.067  M  phosphate,  pH  7.4,  with  50  mM  benzoylcholine  (49). 

7  BuSCh,  butyrylthiocholine. 


OitMacaine  uM 

Pig.  7.  Secondary  plots  of  data  from  Lineweaver-Burk 
plots  for  BuChE -catalyzed  hydrolysis  of  o-nitrophenylacetate 
in  the  presence  of  various,  fixed  concentrations  of  dibucaine. 

Lineweaver-Burk  plots  yielded  intercepts  for  1/Vmax,  and  slopes  for 
Km, p/ Vmax,  which  were  plotted  against  dibucaine  concentration.  This 
plot  shows  that  dibucaine  gives  nonlinear  inhibition  of  o-nitrophen¬ 
ylacetate  hydrolysis.  Dibucaine  concentrations  above  25  pM  for  UU 
and  75  mM  for  rFF  have  an  activating  effect.  1/Vmax,,  continuous 
curves;  slope,  dashed  curves.  Panel  1,  purified  usual  BuChE;  panel  2, 
recombinant  fluoride-2  BuChE. 


of  the  active  site  serine  was  not  altered  by  the  mutation  Gly190 
to  Val.  If  this  statement  could  be  generalized  to  other  fluoride- 
2  BuChE-catalyzed  reactions,  then  the  kinetic  behavior  dif¬ 
ferences  observed  between  usual  and  fluoride-2  BuChE  could 
be  explained  in  terms  of  K„  and  K„  In  other  words,  it  may  be 
hypothesized  that  the  mutation  alters  only  the  binding  prop- 


Fig.  8.  Progressive  inhibition  of  purified  usual  plasma 
BuChE  by  ieo-OMPA.  The  semi-log  plot  shows  residual  activity 
toward  butyrylthiocholine  after  incubation  of  BuChE  with  10-200 
it M  iso-OMPA  in  0.1  M  phosphate,  pH  7.0,  at  25  'C,  for  various 
lengths  of  time.  Each  reaction  contained  0.01  pM  active  sites  of 
purified  usual  plasma  BuChE,  UU.  Numbers  on  lines  are  iso-OMPA 
concentrations  (p M).  The  lines  were  drawn  by  fitting  the  data  to 
Equation  2,  thus  yielding  an  apparent  k,  value  for  each  iso-OMPA 
concentration.  Inset  of  Fig.  8:  saturation  plot  of  apparent  phosphoryl¬ 
ation  rate  constant  against  iso-OMPA  concentration.  The  solid  circles 
(•)  are  apparent  k,  values  for  usual  BuChE;  the  solid  line  represents 
a  fit  of  apparent  k,  values  to  Equation  3  for  usual  plasma  BuChE. 
The  open  circles  (O)  are  the  apparent  Ki  values  for  fluoride- 2  BuChE 
taken  from  the  initial  slopes  of  the  lines  in  Fig.  9.  The  dotted  line  is 
a  fit  of  these  apparent  Rvalues  to  Equation  3.  For  usual  BuChE,  K, 
«  60  ±  16  mm,  k,  “  0.53  ±  0.06  min'1 
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Fig.  9.  Progressive  inhibition  of  recombinant  fluoride-2 
BuChE  by  iso-OMPA.  The  semi-log  plot  shows  residual  activity 
toward  butyrylthiocholine  after  incubation  of  BuChE  with  10-200 
jM  iso-OMPA  in  0.1  M  phosphate,  pH  7.0,  at  25  °C  for  various  lengths 
jf  time.  Each  reaction  contained  0.003  *xM  active  sites  of  recombinant 
fluoride-2  BuChE,  rFF.  The  curves  were  drawn  by  fitting  the  data  to 
Equation  7.  Apparent  Mi  values  calculated  from  the  initial  slopes  were 
jsed  in  the  inset  of  Fig.  8.  Dashed  curve :  inhibition  started  after  1  h 
jf  preincubation  with  5  imm  EDTA.  Numbers  on  curves  are  iso- 
DMPA  concentrations  For  fluoride-2  BuChE,  K,  =  72  ±  35  p M, 
k2  =  0.51  ±  0.13  min'1. 

erties  of  the  enzyme  active  pocket.  The  small,  apparent  shifts 
in  the  enzyme  pK„  shown  in  Fig.  2,  which  we  have  attributed 
to  histidine  438  of  the  catalytic  triad,  do  not  appear  to  be 
large  enough  to  affect  the  rates  of  reaction  between  BuChE 
*nd  either  iso-OMPA  or  eserine  at  pH  7.0. 

Molecular  Modeling — Modeling  of  human  BuChE  by  Harel 
?t  al.  (58)  gave  a  structure  superimposable  on  the  3-D  crys¬ 
tallographic  structure  of  Torpedo  AChE.  The  Gly190  Val  mu¬ 
tation  is  located  in  the  middle  of  the  aF  helix  (Fig.  10).  In  an 
attempt  to  explain  the  reduced  affinity  of  the  fluoride-2 
variant,  we  have  used  the  BuChE  model  to  simulate  the 
interaction  of  BuChE  with  succinyldicholine  (Fig.  11)  and  of 
BuChE  with  dibucaine  in  the  presence  of  o-nitrophenylacetate 
Fig.  12). 

The  G390V  mutation  induces  no  steric  hindrances  in  the 
model  of  the  fluoride-2  variant,  and  there  is  no  indication 
that  it  could  affect  either  folding  or  stability  of  the  variant. 
Nevertheless,  as  Gly390  faces  the  catalytic  triad  of  BuChE,  we 
aropose  the  following  hypotheses  to  link  the  biochemical  and 
itructural  properties  of  this  mutant. 

The  G390V  mutation  could  affect  the  position  of  Glu32'  of 
the  catalytic  triad,  if  one  assumes  that  BuChE  and  Torpedo 
\ChE  do  not  have  the  same  packing.  Solvent  isotope  effect 
an  kinetics  and  proton  inventory  suggest  that  this  glutamate, 
•ather  than  participating  in  a  charge  relay  system,  may  sta- 
ailize  histidine  during  catalysis  (59).  As  shown  in  Fig  11a,  the 
3390V  mutation  could  perturb  hydrogen  bonds  between  the 
axygen  O  on  the  peptide  bond  carbonyl  of  Asp”4  and  the 
lydroxyl  group  OG2  of  Thr327,  and  also  between  the  same 
tsp”4  oxygen  atom  and  NH  in  the  peptide  bond  of  His438. 


Fig.  10.  Three-dimensional  carbon  a  trace  of  modeled  hu¬ 
man  BuChE  monomer.  The  catalytic  triad  amino  acids  (S198, 
H438,  E325)  are  highlighted  as  well  as  G117  whose  main  chain 
nitrogen  is  a  part  of  the  oxyanion  hole.  Two  amino  acids  important 
for  binding  of  the  positively  charged  moiety  of  substrates  and  ligands 
are  W82  and  W231.  W82  is  hydrogen-bonded  to  Y440.  The  mutation 
in  the  fluoride-2  variant,  G390V,  is  located  on  the  aF  helix.  Amino 
acids  are  numbered  from  the  N -terminal  of  mature  human  BuChE 
(43).  Corresponding  amino  acid  numbers  for  Torpedo  AChE  are  S200, 
H440,  E327,  G119,  W84,  W233,  Y442,  and  D392. 

Since  these  hydrogen  bonds  stabilize  the  acid  turn  (60)  on 
which  GIu32S  is  located,  a  weakening  of  these  bonds  may  alter 
the  position  and/or  reactivity  of  His41*.  Thus,  the  G390V 
mutation  could  change  the  relationship  between  Glu325  and 
His438.  This  view  could  explain  the  observed  slight  shift  in 
p K,  of  His4'1*. 

As  described  in  Fig.  11  amino  acids  Trp”,  His418,  Gly419, 
and  Tyr440  are  involved  in  the  binding  of  one  of  the  choline 
heads  of  succinyldicholine.  A  displacement  of  His418  could 
move  Tyr440  away  from  Tip”,  with  the  result  of  a  weaker 
affinity  for  substrates  and  ligands.  However,  this  hypothesis 
is  doubtful.  It  supposes  significant  movement  of  His418,  which 
would  imply  important  changes  in  the  catalytic  properties  of 
the  mutant.  These  changes  were  not  observed.  The  second 
choline  head  of  succinyldicholine  interacts  with  Trp211.  Mo¬ 
lecular  modeling  provides  no  evidence  that  the  orientation  of 
Trp211  is  changed  in  the  mutant  enzyme. 

A  second  hypothesis  to  explain  the  low  affinity  of  this 
mutant  suggests  that  the  G390V  mutation  weakens  the  inter¬ 
action  between  Asp70  and  Tyr112  and  alters  the  transducer 
function  of  these  amino  acids.  The  G390V  mutation  could 
change  the  hydrogen  bond  network  around  Thr327  and  thus 
change  the  beginning  of  the  aFT  helix  on  which  are  located 
Ala128,  Phe329,  and  Tyr112.  In  Torpedo  and  electric  eel  AChE, 
the  amino  acids  in  equivalent  positions  (Phe310,  Phe”1,  and 
Tyr114)  are  assumed  to  play  an  important  role  in  the  binding 
of  substrate  and  ligand  (19,  61). 

Ala328,  Phe329,  and  Tyr332  appear  to  be  more  than  5  A  from 
the  Trp”  aromatic  cluster  and  the  substrate  choline  head.  It 
could  nevertheless  be  supposed  that  displacement  of  the  aF'l 
helix  could  affect  Tyr332  which  is  hydrogen-bonded  to  Asp70 
in  the  gorge  surface  10  A  distant  from  the  Trp82  aromatic 
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Fig.  11.  Stereo  view  of  succinyldicholine  in  the  active  site  gorge  of  modeled  human  BuChE.  a,  close-up  view  of  the  G390V 
mutation  and  its  relation  to  the  active  site.  One  choline  head  of  succinyldicholine  interacts  with  Trp82,  with  the  peptide  bond  carbonyl  of 
Gly41*,  and  with  the  peptide  bond  carbonyl  of  His4M.  Trp82  is  hydrogen -bonded  to  Tyr440.  The  presence  of  Leu28®  and  Val28*  in  human  BuChE 
in  place  of  Phe2"8  and  Phe290  in  Torpedo  AChE  reduces  steric  constraints  in  the  BuChE  active  site  gorge  and  allows  a  weak  (4  A)  cation- 
aromatic  interaction  between  the  second  choline  head  and  Trp22'.  The  two  carbonyls  of  succinic  acid  are  hydrogen-bonded  to  NH  in  the 
peptide  bonds  of  Gly"6  and  Gly"7.  These  carbonyls  form  a  solid  angle  of  60°.  The  carbonyl  susceptible  to  nucleophilic  attack  by  Ser'*  has 
been  placed  in  a  tetragonal  conformation  at  1.6  A  from  OG2  of  Ser'**.  Numb"’  under  d“h^  are  distances  expressed  in  Angstroms,  b, 
photograph.  Amino  acids  are  colored  according  to  their  type:  acidic,  red;  basic,  blue;  aromatic,  magenta;  aliphatic,  yellow;  and  green  for  other 
residues.  Succinyldicholine  is  dark  yellow.  The  Connolly’s  surface  of  the  enzyme  is  represented  by  red  points  to  a  1.6  A  probe  sphere,  while 
the  Van  der  Waals  surface  of  succinyldicholine  is  green. 


binding  site.  It  should  be  remembered  that  mutation  of  Asp  70 
to  Gly  in  human  BuChE  determines  the  “atypical”  variant 
(62).  People  carrying  the  Asp™  Gly  mutation  experience  hy¬ 
persensitivity  to  succinyldicholine  because  of  reduced  affinity 
for  this  drug  (4,  6).  As  suggested  from  site-directed  mutagen¬ 
esis  of  human  AChE  (63),  these  two  amino  acids  (Tyr141  and 
Asp74  in  human  AChE)  could  be  involved  in  signal  transduc¬ 
tion  of  substrate-induced  conformational  changes  following 
initial  binding  to  the  cholinesterase  active  surface.  Thus, 
displacement  of  the  beginning  of  helix  «F'l  could  affect  the 
conformational  plasticity  of  amino  acids  involved  in  the  bind¬ 
ing  process  (Fig.  11).  Dislocation  of  the  interaction  between 
Asp70  and  Tyr112  and  weakening  of  the  signal  transduction 
mechanism  could  explain  the  reduced  affinity  of  the  fluoride- 
2  variant  for  charged  substrates  and  ligands.  As  modeling 


does  not  allow  a  clear  understanding  of  the  properties  of  the 
fluoride-2  variant,  crystallization  of  human  BuChE  is  under¬ 
way. 

DISCUSSION 

The  purpose  of  this  work  was  to  investigate  the  effect  of 
the  point  mutation  Gly190  to  Val  on  the  kinetic  properties  of 
BuChE.  This  point  mutation  is  naturally  present  in  the 
fluoride-2  variant  of  human  BuChE,  and  its  presence  is  as¬ 
sociated  with  an  abnormal  response  to  succinyldicholine  (re¬ 
viewed  in  Ref.  6). 

The  fluoride  number  and  dibucaine  number  (percent  inhi¬ 
bition  of  benzoylcholine  hydrolysis  by  50  pM  NaF  or  50 
dibucaine)  of  the  recombinant  fluoride-2  BuChE  were  36  and 
66,  respectively.  These  values  are  in  agreement  with  fluoride 
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Fu:.  Photograph  showing  o-nitrophenylacetate  and  dibucaine  in  the  active  site  gorge.  Substrate  and  ligand  are  dark  yellow. 
The  Connolly's  surface  of  hutyrylcholinesterase  is  represented  by  dark  blur  points  to  a  1.6-A  probe  sphere.  The  Van  der  Waals  surface  of 
dibucaine  is  rrd  and  that  of  o-nitrophenylacetate  is  green.  Modeling  clearly  shows  that  the  BuChE  active  site  gorge  can  accommodate  <>- 
nitrophenylacetate  and  dibucaine  simultaneously.  o-Nitrophenylacetate  is  modeled  at  l.fi  A  front  Ser' its  nitro  group  is  hydrogen -bonded 
to  protonated  (ilif  '  .  The  initial  extended  conformation  of  o-nitrophenylacetate  was  not  changed  during  the  refinement  process.  The  aromatic 
ring  ol  dibucaine  interacts  with  Trp'  .  its  protonated  tertiary  amine  group  with  Trp''.  and  its  carbonyl  with  lily"  and  C>ly"”  amides.  In  the 
presence  of  o-ni’rophenylacet  le  these  interactions  are  not  optimal.  The  dibucaine  molecule  rotates  about  20  and  the  only  significant 
interaction  is  with  Trp 


numbers  ol  14  :i'>  ami  dibucaine  numbers  of  for  the 

three  published  homozygous  fluoride  plasma  samples  (<14  <5<>h 
This  indicates  t hat  the  kinetic  behavior  ol  the  recombinant 
enzyme  is  not  dependent  on  post  translational  modifications, 
such  as  glycosy lat ion.  that  occurred  in  (’HO  cells.  No  other 
comparisons  tire  possible  because  no  other  kinetic  data  for 
the  fluoride  variants  of  plasma  HuChK  have  been  published. 

The  secreted  recombinant  fluoride- 2  HuChK  acquired  pro¬ 
teolytic  nicks  during  storage  of  serum-free  culture  medium. 
These  proteolytic  nicks  did  not  appear  to  affect  kinetic  param¬ 
eters.  A  similar  conclusion  regarding  the  unimportance  of 
proteolytic  nicks  was  made  by  Cauet  rt  ul.  ((ITt  who  deter¬ 
mined  that  the  trypsin-generated  monomer  of  horse  serum 
HuChK  behaved  with  identical  kinetic  parameter  values  as 
the  n alive  terrameric  enzyme.  Our  results  are  for  the  tetra- 
nteric  form  of  recombinant  fluoride-2  HuChK.  since  despite 
proteolysis  most  of  the  recombinant  HuChK  was  a  let  ranter. 

The  kinetic  data  we  report  show  that  the  Gly  '  to  Yal 
mutation  did  not  dramatically  change  the  behavior  of  the 
enzyme.  Although  the  pA  of  the  fluoride-2  HuChK  was 
slightly  lower  than  the  pA  of  the  usual  plasma  HuChK.  the 
reactivity  of  lluoride-2  HuChK  with  the  irreversible  organic 
phosphate  inhibitor  iso-OMI’A  was  similar  to  that  of  usual 
HuChK.  suggesting  that  catalytic  activity  of  usual  and  fluo¬ 
ride-2  HuChK  did  not  differ  markedly.  In  fact,  the  only 
significant  differences  between  usual  and  fluoride-2  HuChK 
concerned  their  A  .  A.  and  o  coefficient  of  mixed-type  inhi¬ 
bition  for  dibucaine  inhibition  of  o-nitrophenylbutyrate  hy¬ 
drolysis.  Ratios  of  these  apparent  parameters  fluctuated  be 
tween  l.l  and  fi  depending  on  the  substrate  and  inhibitor 
nature.  This  indicated  that  the  fluoride  2  HuChK  bound  neu¬ 
tral  and  charged  substrates  and  ligands  less  tightly  than  the 
usual  HuChK 

Molecular  modeling  to  understand  the  molecular  basis  of 
the  remote  effect  of  the  Civ  "  to  Yal  mutation  upon  the 


binding  affinity  of  HuChK  suggested  two  hypotheses.  One 
hypothesis  is  that  the  mutation  exerts  an  indirect  effect  on 
the  position  of  Glu  .  which  in  turn  slightly  alters  the  pA„  of 
His'  '.  The  altered  position  of  Glu  could  induce  displace¬ 
ment  of  Tyr"  which  is  hydrogen  bonded  to  Trp'~.  A  second, 
more  likely,  hypothesis  is  that  the  mutation  alters  the  begin- 
ningof  helix  oF'l.  which  in  turn  could  dislocate  the  hydrogen 
bond  between  Asp  and  Tyr  .  This  may  weaken  the  binding 
of  charged  substrates  and  reduce  signal  transduction  capabil¬ 
ity.  These  tentative  explanations  from  molecular  modeling 
need  to  be  verified  by  x-ray  analysis  of  the  HuChK  crystal 
structure. 

As  regards  the  question  of  hypersensitivity  to  succinyldi- 
choline.  one  can  calculate  that  after  intravenous  injection  of 
a  clinical  dose  of  succinyldicholine  (1  mg/kgl.  the  initial 
plasma  concentration  of  succinyldicholine  is  close  to  20  mg 
liter,  that  is  At)  I0H).  Since  the  apparent  A  of  fluoride-2 
HuChK  for  this  compound  is  1 2"<  pM  (Table  IY).  the  rate  of 
hydrolysis  of  succinyldicholine  by  this  variant  should  be  slow 
when  the  concentration  of  the  muscle  relaxant  is  in  the 
pharmacologic  range.  Thus,  the  low  affinity  of  fluoride-2 
HuChK  for  succinyldicholine  could  explain  the  moderate  suc¬ 
cinyldicholine  hypersensitivity  of  people  carrying  this  variant. 
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